X-ray powder diffraction (XRD) data for eight β-lactam viz., ampicillin sodium, ampicillin trihydrate, penicillin G procaine, benzathine penicillin, benzyl penicillin sodium, cefalexin, cefotaxime sodium and ceftriaxone sodium; three tetracyclines viz., doxycycline hydrochloride, oxytetracycline dihydrate and tetracycline hydrochloride; and two macrolide viz., azithromycin and erythromycin estolate antibiotic drugs were obtained using a powder diffractometer. The drugs were scanned from Bragg angles (2θ) of 10˚ to 70˚. The obtained data were tabulated in terms of the lattice spacing (Å) and relative line intensities (I/II). This new information may be useful for identifying these drugs from confiscated materials, which has been frequently encountered in forensic laboratories.
Introduction
β-Lactam antibiotic drugs, i.e., penicillin and cephalosporins, are related chemically by the presence of a four-membered ring containing a nitrogen atom adjacent to a carbonyl group (a β-lactam ring). Antibacterial activity and stability (penicillin vs. cephalosporins) is defined by the stereospecificity and geometry of the fused side ring. Side chains and stereochemistry play an important role in determining their antibacterial activity. The basic structure of the penicillin nucleus includes a β-lactam ring fused through nitrogen and adjacent tetrahedral carbon to a second heterocycle, which in natural penicillin is a fivemembered thiazolidine ring (Fig. 1) .
The nucleus common to all penicillins is the fused thiazolidine-amino-β-lactam, which consists of L-cysteine and D-valine.
The free carboxyl group of the thiazolidine is essential for therapeutic effectiveness.
In 1940 several researchers embarked on a scientific endeavor to identify and isolate this class of compounds, and as the result of this important pioneering work the penicillins were instrumental during World War II for treating battle casualities.
The cephalosporins are the second family of β-lactam antibiotics, discovered after the penicillins, and there are numerous parallelisms between the two families. All of the cephalosporins are semi-synthetic derivatives of the natural cephalosporin C antibiotic.
Cephalosporins are β-lactam antibiotics with the same fundamental structural requirements as penicillin (Fig. 1) . The heterocyclic ring fused to β-lactam ring is six-membered dihydrothiazine in cephalosporins. The fused rings in β-lactams are not coplanar, but folded along the C-N bond common to both rings, less markedly in cephalosporins than in penicillins.
There are strong historical, biological and chemical similarities between the cephalosporins and the penicillins. The common feature is the β-lactam ring, which is hydrolyzed by β-lactamase. These similarities are key to developing analytical methods for this class of drugs.
The tetracyclines (TCs) comprise a family of both bio- synthetic and semi-synthetic derivatives, which are characterized by an unusual antimicrobial background. However, these compounds are not active against the common cold or fungi. The first TC (7-chlortetracycline) was discovered in 1948, and it was the second compound to be developed after chloramphenicol as a broad-based antibiotic. Chemically, TCs contain an octahydronaphthacene ring skeleton, consisting of four fused rings (Fig. 2) . All of the TCs have a common skeleton, but differ in their substituents, which has a significant influence on their individual solubilities. The TCs are amphoteric and can be manufactured as both acidic and basic salts. 1 The macrolide antibiotics most commonly used in agriculture are tylosin and erythromycin. Macrolide antibiotics are used in veterinary medicine to treat respiratory diseases, or as feed additives to promote growth. These antibiotics are lipophilic molecules with a central lactone ring bearing 12 to 16 atoms, to which several amino or neutral sugars are bound. 2 Although erythromycin (EM) was widely used until the 1980s, it is unstable to acid, and its pharmacokinetics after oral administration is highly variable. Recently developed semisynthetic derivatives of EM, such as azithromycin (AZM), clarithromycin (CAM) and roxithromycin (RXM), are stable to acid and more extensively distributed to tissues. The generalized structure is a highly substituted monocyclic lactone (aglycone) to which is attached one or more saccharide units amino or deoxy sugar, glycosidically linked to hydroxyl groups on either the aglycone or another saccharide. They may be divided into 12-, 14-and 16-membered aglycone ring macrolides (Fig. 3) .
The development of new compounds with the potential for drug abuse necessitates a continuous accumulation of analytical data in the forensic laboratory. Also, the identification of excipients and adulterants in drug samples provides a database that can be used for intelligence purposes. A correlation of cases can provide investigative leads as well as being supporting evidence in conspiracy cases. The purpose of the present paper is to present X-ray powder diffraction data, which are not available in the literature. Included in the paper are data on compounds where more complete and accurate tabulations than those already published have been obtained.
The XRD powder method has proven to be very effective and specific in the identification of crystalline substances. For example, different hydrates of the same compound, as well as polymorphic forms, have completely different X-ray diffraction patterns. Compounds in mixtures can be identified without separation. 3 This method is a powerful technique for the identification of crystalline solid phases. 4 Every crystalline solid phase has a unique XRD pattern, which can form the basis for its identification. In a powder mixture, each crystalline phase produces its pattern independently of the other constituents in the mixture. 5 The technique is unique, since it combines absolute specificity with a high degree of accuracy. 6 Despite these attributes, the method finds very limited application for the evaluation of drug product quality.
There have been a number of applications of XRD analysis to organic materials. Among the many compounds that have been characterized by powder XRD methods are solid aromatic hydrocarbons. 7, 8 Recently, X-ray powder diffraction has also been found useful in elucidating the structures and in the identification of natural products, 9 analgesics, 10,11 amines 12,13 and antibiotics. [14] [15] [16] Also, it has become one of the most powerful tools in forensic analysis. 17, 18 As is true with all analytical procedures, XRD is most powerful when used in conjunction with other techniques, such as emission spectroscopy, X-ray fluorescence and chemical analysis. An important advantage of X-ray diffraction over these and other techniques is that the obtained results give information about the materials as they occur in the sample, rather than only about the individual elements or ions present. It is often the only satisfactory method for distinguishing among polymorphs, or detecting a compound in the presence of others containing the same elements.
The powder XRD technique was used here to characterize eight β-lactam antibiotic drugs, viz., ampicillin sodium, ampicillin trihydrate, penicillin G procaine, benzathine penicillin, benzyl penicillin sodium, cefalexin, cefotaxime sodium and ceftriaxone sodium; three tetracyclines viz., doxycycline hydrochloride, oxytetracycline dihydrate and tetracycline hydrochloride; and two macrolide viz., azithromycin and erythromycin estolate antibiotics in terms of interplanar d spacings and line intensities relative to the intensity of the strongest line.
The powder XRD method has not been suggested in USP, 19 BP 20 and IP 21 for identifying these antibiotic drugs, but infrared (IR) absorption, thin-layer chromatography (TLC), highperformance liquid chromatography (HPLC) and polarographic methods are suggested. A review of the literature reveals that no considerable attention has been paid to powder XRD in identification and determination of these antibiotics. The highlight of this work was to provide X-ray powder diffraction data for the above mentioned antibiotic drugs.
Experimental

Samples
Pure samples of ampicillin sodium (C16H18N3NaO4S), ampicillin trihydrate (C16H19N3O4S·3H2O), penicillin G procaine (C16H18N2O4S·C13H20N2O2·H2O Apparatus XRD measurements were obtained using the Philips X'pert on a powder diffraction system (Philips Analytical, The Netherlands) equipped with a vertical goniometer in the BraggBrentano focusing geometry. The X-ray generator was operated at 40 kV and 50 mA, using the Cu Kα line at 1.54056 Å as the radiation source. Each sample was scanned from 10˚ to 70˚ (2θ) and in step sizes of 0.020, count time of 2.00 s, using an automatic divergence slit assembly and a proportional detector. The samples were scanned at 25˚C. Relative intensities were read from the strip charts and corrected to fixed the slit values.
Operation procedure
A powdered specimen is usually packed and prepared in a specimen holder made of aluminum or glass. In setting up the specimen and apparatus, the coplanarity of the specimen surface with the specimen holder surface and the setting of the specimen holder at the position of symmetric reflection geometry have to be assured. The powders were passed through a 100 mesh sieve and placed into the sample holder by the side drift technique. 22 The holder consisted of a central cavity. In order to prepare a sample for analysis, a glass slide was clipped up to the top face of the sample holder so as to form a wall. Each powder was filled into the holder, gently tapped and used for the XRD analysis. Table 1 gives the data obtained for the eight β-lactam and Table  2 for the three tetracycline and two macrolide antibiotic drugs in terms of the lattice spacing and the relative line intensities. Because most of the characteristic lines in the diffraction patterns were generally prominent and sharp, the measurements of the angles, and hence of the d-values were accurate. Proper sample preparation helped to attain accurate peak positions for qualitative analysis. If the sample surface was irregular, or if it 835 ANALYTICAL SCIENCES JULY 2005, VOL. 21 was displaced from the focusing circle, the peak locations and intensities would vary.
Results and Discussion
Powder X-ray diffraction patterns for these drugs are given Figs. 4 -7. All of the high-intensity lines (relative intensity) observed in the powder pattern of these drugs were observed in the pure form (Tables 1 and 2 ). The diffraction patterns of lowabsorption drugs measured in para focusing Bragg-Brentano geometry exhibit severe line broadening. Identification of a structure from its powdered diffraction pattern is based upon the position of lines and their relative intensities. Each powder pattern is characterized by the interplanar d spacing and the relative intensities (I/II) of the three strongest lines in the pattern under the Hanawalt system.
In this study, ampicillin was used as the model compound. The USP lists the ampicillin sodium and trihydrate forms of ampicillin. Marketed ampicillin capsules contain either their anhydrate or the trihydrate, 23 and these two forms exhibit pronounced differences in their XRD patterns (Fig. 4) . A comparison of the two XRD patterns reveals that, in the angular range where some peaks of ampicillin sodium occur, there are no peaks of ampicillin trihydrate, and vice versa.
24,25
Every crystalline powder produces a characteristic diffraction pattern. This is the basis of qualitative analysis by powder diffraction.
Identification is usually accomplished by a systematic comparison of an unknown pattern with a catalogue of standard data, such as the powder diffraction file published by the International Center for Diffraction Data (ICDD). The first effort was directed towards the identification of ampicillin sodium in a capsule formulation. Before analysis of the formulations, the XRD patterns of anhydrous ampicillin were experimentally obtained and compared with the ICDD card pattern. There was in general good agreement between the two. However, several lines were missing in the XRD pattern obtained in this work. The XRD pattern of ampicillin trihydrate was experimentally obtained and compared with the ICDD card pattern. 25 Nevertheless, complete diffraction patterns are still characteristics can be seen from Tables 1 and 2 . An examination of the X-ray data shows that a compound can be easily distinguished from other members. Despite the fact that the eight β-lactams, three tetracyclines and two macrolide antibiotic drugs have almost the same molecular structure in their respective groups, their powder diffraction patterns are surprisingly different (Figs. 4 -7) . In general, there are only three or four of the most intense lines that are important for characterizing the compound.
A comparison of the relative intensities of the X-ray lines does not reveal good agreement. The intensity of the X-ray lines can be affected by several factors, including preferred orientation. Any sample-induced line broadening would make it difficult to distinguish between lines with close d-spacing values. There are also several instrumental factors that influence the peak resolution. 26 However, the proposed method does not have any inherent difficulty originating from this fact. The number of emerging peaks is too much, and the overlap of the several peaks may influence the accuracy of the relative peak intensities. Since the goal of the project is phase identification, our predominant interest is the position of X-ray lines (d spacing).
A comparison of the XRD pattern of β-lactam reveals marked differences in the angular ranges and d spacing: 7.98 Å (11.08˚2θ) and 2.54 Å (35.29˚2θ). The XRD pattern of tetracyclines shows angular ranges and d spacing of 8.38 Å (10.55˚2θ) and 2.89 Å (30.95˚2θ). The XRD pattern of macrolides shows angular ranges and d spacing of 8.27 Å (10.69˚2θ) and 3.43 Å (25.97˚2θ). In the above-mentioned groups, each of the drugs in their respective groups has a distinct d spacing and angular ranges. For example, in the macrolide group azithromycin has 7.53 Å (11.75˚2θ) and 3.43 Å (25.97˚2θ), but erythromycin has 8.27 Å (10.69˚2θ) and 3.44 Å (25.91˚2θ). Therefore, our discussion is restricted to the d spacing of the X-ray line. However, the relative intensities of the lines are also probable.
XRD has the potential ability to identify not only the active ingredient, but also the crystalline excipients in a formulation.
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ANALYTICAL SCIENCES JULY 2005, VOL. 21 The β-lactam, tetracycline and macrolide antibiotic drugs under investigation should not only be distinguished one from the other, but from most components of the pharmaceutical preparations. The aim of this paper is to produce a basis for powder XRD as a promising new official method for the identification of these antibiotic drugs from formulations and forensic samples. Our current findings provide preliminary data, which make the basis for validating the new method.
Conclusion
X-ray powder diffraction data have been developed or refined for the identification of drugs, excipients, and adulterants found in illicit preparations. The powder XRD patterns for the eight β-lactam, three tetracycline and two macrolide antibiotic drugs studied were sufficiently unique to make their identification possible.
The current preliminary studies make the basis for the validation of powder XRD as a new monitoring official method for the identification of β-lactam, tetracycline and macrolide antibiotic drugs.
